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Two supramolecular complexes, [Ln3(H2O)17(C12H8N2)3][(C28H20S4O16)(C28H19S4O16)](C12H8N2)[H2O]32
(Ln = Nd (1) and Ce (2)), have been hydrothermally synthesized and structurally determined by single
crystal X-ray diffraction, TG analysis and IR spectroscopy. The extended structures are featured with
the 1D ‘molecular capsule’ chains constructed by the lanthanide-hinged capsules. Some 2D water clusters
are also observed in the structures.
 2009 Elsevier B.V. All rights reserved.1. Introduction
p-Sulfonatocalix[4]arene (C4AS) [1], the smallest analogue in
the family of water-soluble calix[n]arenesulfonates (n = 4–8), has
drawn much attention in the ﬁeld of supramolecular chemistry
and coordination chemistry [2]. A variety of inclusion and/or coor-
dination complexes of C4AS containing main group, transition me-
tal, lanthanide species and/or additional organic supramolecular
building components, have been reported [3–6]. It is found that
the molecular capsules are a kind of popular tectons in the ex-
tended structures. For instance, Raston et al. reported many molec-
ular capsules encapsulating metal ions, crown ether, aza
macrocycle, amino acids, etc. [4]. Liu et al. studied the factors gov-
erning the formation of the capsules in the phenanthroline (phen)-
C4AS/TCAS/C5AS complexes [5]. However, most reported molecule
capsules are isolated and interconnected with each other by supra-
molecular interactions. Recently, we gave an exception in which
two novel Ln(III)-hinged calixarene bicapsules was reported [6].
Here, we will present another two examples in which the capsules
are connected by the metal–calixarene coordination bonds. These
two compounds {[Ln3(phen)3(H2O)17](C4AS)2}(phen)(H2O)32
(Ln = Nd (1) and Ce (2)) were synthesized under hydrothermal con-
dition and characterized by single crystal X-ray diffraction, TG
analysis and FTIR spectroscopy. Their structures are featured with
some 1D ‘molecular capsule’ chains constructed by the lanthanide-ll rights reserved.
x: +86 431 85698041.hinged capsules. In addition, some 2D water clusters are observed
in the extended structures.2. Experimental
2.1. Preparation of 1 and 2
A suspension of the sodium salt of p-sulfonatocalix[4]arene
(100 mg), NdCl36H2O (1)/CeCl36H2O (2) (60 mg), and 1,10-phe-
nanthroline (40 mg) in water (10 mL) was transferred into a Tef-
lon-lined autoclave (20 mL) and heated to 130 C within 100 min.
The autoclave was kept at 130 C for 3 days and then cooled grad-
ually to room temperature at about 4 C/h. The ﬁnal aqueous solu-
tion pH values were about 5 (1) and 4.4 (2), respectively. Colorless
single crystal blocks of 1 and orange single crystal blocks of 2were
obtained in about 30% yield with respect to C4AS and isolated for
X-ray diffraction determination and other measurements. TG
measurement was performed on a Perkin-Elmer TGA-7000 instru-
ment from 40 to 800 C with a heating rate of 10 C/min under a
nitrogen ﬂow. FTIR (KBr pellets) spectra were recorded in the range
of 225–4000 cm1 using a Perkin-Elmer Spectrum One FTIR
Spectrophotometer.2.2. X-ray crystallography
TheX-ray intensitydata for compounds1 and2were collectedon
a Bruker SMART APEXII CCD diffractometer with Mo Ka radiation
(k = 0.71073 Å) operated at 2.0 kW(50 kV, 40 mA). The crystal struc-
Fig. 1. Scheme of the lanthanide-hinged bicalix[4]arene unit and a cartoon of the linear molecular capsule chain arrangement.
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full-matrix least-squares on F2 (SHELXTL-97) [7]. Crystal data for 1:
C104H169N8Nd3O81S8, M = 3516.67 g/mol, triclinic, P1(2), a =
15.3603(6) Å, b = 17.9901(7) Å, c = 27.478(1) Å, a = 101.343(1) Å,
b = 91.337(1) Å, c = 105.547(1) Å, V = 7149.0(5) Å3, Z = 2, Dcaled =
1.634 g cm3, l = 1.299 mm1, T = 187(2) K, hmax = 25.00,
F(0 0 0) = 3610, colorless block 0.23  0.16  0.16 mm3, reﬂections
collected/unique, 51,473/25,056 (Rint = 0.0280), ﬁnal R1 = 0.0462,
wR2 = 0.1243 [I > 2r(I)], GooF = 1.048. 2: C104H169Ce3N8O81S8,
M = 3504.31 g/mol, triclinic, P1(2), a = 15.387(1) Å, b = 18.007(1) Å,Fig. 2. Top view (upper) and side view (middle) of the lanthanide-hinged bicalixarene un
molecules, and the formation of the 1D ‘molecular capsule’ chains (bottom). The hydrogc = 27.513(2) Å, a = 101.196(1) Å, b = 91.355(1) Å, c = 105.549(1) Å,
V = 7656(5) Å3, Z = 2, Dcaled = 1.621 g cm3, l = 1.160 mm1, T =
150(2) K, hmax = 25.00, F(0 0 0) = 3598, orange block 0.23 
0.16  0.16 mm3, reﬂections collected/unique, 58,513/25,044
(Rint = 0.0449), ﬁnal R1 = 0.0602, wR2 = 0.1539 [I > 2r(I)],
GooF = 1.031. All the non-hydrogen atoms were reﬁned anisotropi-
cally and the water oxygen atoms were reﬁned without hydrogen
atoms. Hydrogen atoms of the ligands were generated theoretically
onto the speciﬁc atoms and reﬁned isotropically with ﬁxed thermal
factors.it in 1 showing p  p and C–H  p stacking interactions between the phen and C4AS
en and non-coordinated oxygen atoms are omitted for clarity.
Fig. 3. Extended structures of compounds 1 and 2 showing the grid arrangement of the ‘molecular capsule’ chains.
Fig. 4. Water cluster with the labeled oxygen atoms (upper) and the extended 2D
water layer (bottom).
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3.1. Crystal structures
Isomorphous compounds 1 and 2 crystallize in a triclinic system
and the structures have been solved in space group P1. The feature
of the extended structures is given by some ‘molecular capsule’
chains which are constructed by the capsules hinged by the lantha-
nide cations (Fig. 1). Hereafter compound 1 will be chosen as an
example to illustrate the crystal structures. In an asymmetric unit,
there are three nine-coordinated Ln metals, two C4AS molecules,
three phen molecules bonding the metals, one isolated phen mol-
ecule and some water molecules (Fig. 2). The Ln2 sites are coordi-
nated by two sulfonate groups from two C4AS ligands, one phen
molecule and ﬁve water molecules. That is, Ln2 bridges two
C4AS molecules into a bicalixarene unit. As shown in Fig. 2, differ-
ent for the C-shaped units reported by Atwood et al. [3a], this bica-
lixarene unit contains two nearly parallel calixarenes with the
dihedral angle between two planes through the bridging methy-
lene carbon atoms being 7.04. Both Ln1 and Ln3 sites are coordi-
nated by one sulfonate group, one phen molecule and six water
molecules. Notedly, Ln1 and Ln3 are bonding to different calixare-
nes. So, there are two crystallographically independent C4AS mol-
ecules, that is, one bonded to Ln1 and Ln2 by two adjacent
sulfonate groups and the other bonded to Ln2 and Ln3 by two
opposite sulfonate groups. The phen molecules bonded to Ln2
and Ln3 are located outside the cavity of C4AS but form p  p
stacking interactions between the central rings of phen molecules
and the aromatic rings of the C4AS ligands (3.514 Å (ring (C72, C73,
C77–C80) to ring (C8–C13)), and 3.438 Å ring (C84, C85, C89–C92)
to ring (C43–C48)). In addition, the phen molecule bonded to Ln2
forms C–H  p stacking interaction with a calixarene molecule
(C76–H76  p(ring (C29–C34)), 3.664 Å, 141). The phen molecule
bonded to Ln1 perches on a C4AS cavity and forms C–H  p stack-
ing interactions with the calixarene (C58–H58  p(ring (C22–
C27)), 3.761 Å, 161; C59–H59  p(ring (C15–C20)), 3.808 Å,
172). The isolated phen molecule is penetrated into a C4AS cavity
and forms p  p and C–H  p stacking interactions with the calix-
arene p(ring (N8, C98–C102))  p(ring (C29–C34)): 3.718 Å; C98–
H98  p(ring(C50–C55)), 3.373 Å, 163; C99–H99  p(ring(C43–
C48)), 3.386 Å, 132; C100–H100  p(ring (C36–C41)), 3.628 Å,
146 (Fig. 2).
As shown in Fig. 2, one bicalixarene unit forms two capsules
with two adjacent ones simultaneously by the p  p stacking inter-
actions between the phen ligands (p(heterocyclic ring(N2, C62–C66))  p(aromatic ring (C61, C62, C65–C68)): 3.604 Å; p(hetero-
cyclic ring (N7, C93–C95, C103–C104))  p(aromatic ring(C96,
Table 1
Short contact (Å) between the oxygen atoms from the solvent water molecules and
the coordination ones for 1 (the atoms labeled as in Fig. 4 upper).
O1WB  O10WB 2.873(6) O15W  O36 2.741(7)
O1WB  O44B 2.717(6) O15W  O48B 2.806(10)
O2WA  O29WB 2.750(9) O15W  O45B 2.862(9)
O2WA  O41A 2.793(6) O16WC  O21WC 2.709(7)
O2WA  O28WB 2.831(8) O16WC  O19W 2.807(7)
O3WA  O15W 2.717(7) O17WA  O18W 2.797(8)
O3WA  O42A 2.761(7) O17WA  O29WB 2.746(9)
O3WA  O11W 2.775(7) O17WA  O39A 2.753(6)
O4WB  O45B 2.813(8) O18W  O37 2.956(8)
O4WB  O34 2.830(5) O18W  O32W 2.961(10)
O5W  O33 2.745(6) O19W  O37 2.697(7)
O5W  O12W 2.846(7) O19W  O32W 2.836(9)
O6W  O27W 2.779(8) O20WC  O21WC 2.751(9)
O7WA  O13WB 2.749(7) O20WC  O25WC 2.855(8)
O7WA  O14W 2.807(7) O21WC  O38 2.744(6)
O7WA  O42A 2.749(6) O21WC  O32W 2.758(8)
O8W  O14W 2.757(7) O22WA  O43A 2.785(7)
O8W  O11WA 2.784(7) O23W  O28WB 2.807(9)
O9WB  O49B 2.710(6) O23W  O27W 2.821(9)
O9WB  O11WA 2.785(7) O23W  O34 2.901(7)
O10WB  O26WB 2.816(8) O26WB  O47B 2.690(8)
O10WB  O20WC 2.835(7) O26WB  O36 2.767(8)
O11WA  O31WA 2.744(10) O26WB  O32W 2.837(10)
O12W  O35 2.883(6) O27W  O35 2.670(7)
O13WB  O48B 2.785(11) O27W  O31WA 2.711(11)
O13WB  O41A 2.884(7) O28WB  O30WB 2.666(8)
O14W  O24WA 2.805(9) O29WB  O47B 3.030(9)
O15W  O17WA 2.672(8)
Fig. 6. TG curve of 1.
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H64  O17, 3.313 Å; C95–H95  O27, 3.511 Å)). Two phen mole-
cules bonding the Ln1 atoms and connected to different bicalixa-
rene units or two isolated phen molecules are shrouded in a
capsule. Moreover, H-bonding interaction is also found between
the neighboring C4AS molecules (C87–H87  O17, 3.465 Å). And
then a 1D ‘molecular capsule’ chain forms when the interconnec-
tion of these bicalixarene units extend along the c axis, which
shows a similar connection with the reported capsule chains of
p-sulfonatocalix[8]arene [8]. However, in the reported capsule
chains, p-sulfonatocalix[8]arene adopting a 1,2,3,4-alternate con-
formation acts a bicalix[4]arene unit while two nearly parallel
calix[4]arenes are hinged by the metals to form a bicalix[4]arene
unit here.
The extended structure can be considered as the grid arrange-
ment of the ‘molecular capsule’ chains (Fig. 3). The parallel chains
are located on the quadrilateral corners and the grids are ﬁlled by
the solvent water molecules. All the ‘molecular capsule’ chains areFig. 5. A project of the extended structures exhibitinterconnected with each other through the p  p staking interac-
tions p(ring(C1–C6))  p(ring(N5, C81–C83, C91, C92)), 3.795 Å;
p(ring(C36–C41))  p(ring(C36–C41)), 3.709 Å; p(ring (C22–C27))
  p(ring (C22–C27)), 3.717 Å; p(ring(N4, C74–C78))  p(ring(C50–
C55)), 3.637 Å and H-bonding interactions (O7–O25, 2.803 Å; C85–
H85  p(ring (N3, C69–C71, C79, C80)), 3.699 Å, 165).
Recently, the water clusters such as the adamantanoid (H2O)10
clusters termed ‘molecular ice’ [9] have attracted more and more
attention. Our group also reported a ‘discrete’ (H2O)16 water cluster
which illustrates a new mode of supramolecular association of
water molecules [10]. Here, some 2D water clusters consisted by
the coordinated and isolated water molecules are also observed
in the extended structures (Fig. 4). All the O  O distances between
the adjacent water molecules (2.666–3.030 Å, 2.79 Å on average,
Table 1) are located in the reported range. Viewed along the a axis,
the extended structures exhibit a layer stacking with alternative
calixarene layers and water layers (Fig. 5).
3.2. TG and IR of 1
Thermal gravimetric (TG) curve of compound 1 exhibits two-
step weight loss (Fig. 6). The weight loss from 45 to 200 C can
be assigned to the release of all lattice water and coordinated
water molecules. The lower weight loss (19.55%) compared with
the calculated value (25.08%) indicates that some lattice watering a layer structure stacked along the b axis.
24 X. Wang et al. / Journal of Molecular Structure 967 (2010) 20–24molecules were lost before the analysis. The latter stage in a range
of 330–700 C can be attributed to the gradual decomposition of
the complex. The total weight loss at 900 C is about 81.30% and
the ﬁnal product is not identiﬁed. However, we suggest the resid-
ual might be a mixture of Nd2(SO4)3 and Nd2O3. The IR spectra of
compound 1 are similar to those of the reported zinc compound
[11], that is, the features at 1629–557 cm1 can be attributed to
the C4AS and phen molecules, peaks at about 1042, 1156 cm1 to
the vibration of –SO3 group and the strong and broad peak at about
3401 cm1 for the –OH group from both C4AS and the water
clusters.
4. Conclusion
Two new lanthanide(III)/p-sulfonatocalix[4]arene/1,10-phenan-
throline compounds, [Ln3(H2O)17(C12H8N2)3][(C28H20-
S4O16)(C28H19S4O16)](C12H8N2)[H2O]32 (Ln = Nd and Ce), have
been synthesized under hydrothermal condition. The X-ray diffrac-
tion determination reveals that the extended structures can be
considered as the grid arrangement of the ‘molecular capsule’
chains which are constructed by the lanthanide-hinged capsules.
Otherwise, the extended structures exhibit a layer stacking with
alternative calixarene layers and water layers which stablish the
3D structures.
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crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK. Fax: +44 1223 336033). Supplementarycrystallographic data and check CIF/PLATON can also be found, in
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